Abstract: The paper provides a channel model which is suited for broadband indoor WLAN (wireless local area network) applications. Especially the communication within one room is addressed. These applications are characterised by no or very slow movements of the terminal in conjunction with high data rates requiring high bandwidths for transmission. Present WLAN systems offer data rates up to 108 M b/s, multiple antenna systems -MIMO systems are at the beginning of their introduction into the market. Upcoming demand for even higher data rates necessitating higher bandwidth efficiency is almost sure. This requires at first hand a full understanding of the channel in order to make best use of it. The paper shows, that the channel can be described best by a deterministic model, which needs only few dominant paths. This is underlined by channel sounder measurements and simple calculations. Making use of this deterministic channel model the paper shows capacity improvements over a widespread Rayleigh fading model assumption.
Introduction
Modern WLAN systems offer data rates up to 108 M b/s. Even these data rates will not be sufficient in the light of growing demand for access to the internet. Therefore techniques which allow for improved bandwidth efficiency are introduced into the standardisation work. A prominent candidate is the usage of multiple antennas at transmitter and receiver called multi-input-multi-output systems (MIMO). Additionally it is of great importance to have a good knowledge of the channel in order to select and improve system components and the signal structure used for transmission. A Rayleigh channel model which is widely used for characterization of the mobile radio channel as well as for WLAN systems is popular, but as will be shown in this paper may have substantial drawbacks when aiming at high data rates and or bandwidth efficiencies. Therefore this paper points out differences between the mobile radio channel and a WLAN indoor application. From these differences a concept for a suitable channel model is derived by basic radio wave propagation considerations. These theoretic models are compared to measurements conducted with a channel sounder in indoor environments. These measurements also show, that a statistical channel model is not appropriate. Instead a deterministic approach seems to be a good choice. Using these measured results in system considerations it is possible to improve the theoretically achievable channel capacity over system concepts being based on a Rayleigh fading channel assumption.
Channel model basics
The main differences of the WLAN indoor channel to the mobile radio channel are based on the fact, that in the WLAN scenario the transmitters and receivers are more or less fixed, or if moved these movements are very slow compared to the mobile radio channel, where speeds of up to 250 km/h are considered in the system concept. This is motivated by the assumption, that communication from an access point to a computer, e.g. a notebook, should be investigated. A further significant difference is found in the distances to be bridged by the transmission system. In the mobile radio case these are distances of several hundred meters to tens of kilometres, whereas in the WLAN indoor case some meters to some tens of meters characterise the scenario. In the WLAN case a strong LOS (line of sight) component is present in nearly all cases which consider a scenario within one room. Also in mobile radio scenarios this LOS case is possible, but its probability of occurence is by far smaller. Reflections play an important role in both environments. In the mobile radio case these reflections have relative delays to the main propagation time between transmitter and receiver which are in the same order. For example in the GSM radio system the delays in typical urban areas have values up to 5 µs according to COST207. This value compared to a typical distance between transmitter and receiver of 1 km which results in a propagation time of 3 µs is in the same order. In a WLAN indoor scenario, say a room of 4 m width and 6 m length, the propagation time may be typically 9 ns, whereas the reflections have delays typically starting at 18 ns and rising up to 100 ns. This shows one of the most important differences. In addition the used bandwidth in WLAN systems is by far larger than in mobile radio systems. The GSM system uses 200 kHz per channel and even the upcoming UMTS system uses only 5 M Hz. The present WLAN standard IEEE 802.11 uses 20 M Hz and this tends to be increased in order to support data rates up to 1 Gb/s. In the mobile channel the reflections in the vicinity of the receiver (micro structure) have all near the same power, this fact along with the movement in the channel and the small bandwidth justifies to use a Rayleigh fading model in the case of no present LOS component. If we look at the WLAN indoor scenario the reflections have a much longer distance compared to the LOS component, or even if there is a shadowed LOS component the differences in distances among the remaining reflections are big. Shad- owing the LOS component in order to achieve a significant power reduction would require an object in between the antennas, which exceeds the dimensions of the first Fresnel zone by far. The maximum radius of the first Fresnel zone for a distance d between transmitter and receiver of 3 m at a frequency of 2.4 GHz resulting in a wavelength of λ = 12.5 cm can be calculated from r max = √ λd 2 to be 30 cm. This is the reason for the fact, that even people moving around in between the antennas have no significant effect.
In conclusion the distances of the various reflections together with the reflection coefficients are determining the received powers. This results in quite different powers of the different reflections and taking this in conjunction with a wide bandwidth and nearly no movement results in a huge difference compared to the mobile radio channel scenario. Therefore a Rayleigh fading model seems to be not suitable. It seems to be much more appropriate to use a more deterministic approach. The WLAN indoor channel model is closer related to the ultra wide band (UWB) channel than to the mobile channel. A paper dealing with UWB channel modelling [1] is also suggesting a more deterministic view. Even if a small movement is considered in the WLAN channel this could be determined by a channel estimation and the system can adapt to this slowly varying channel. For a MIMO system the impulse response inside a room can be described by a simple ray model as long as the first Fresnel zone is small compared to the reflecting object. Otherwise this ray method is no longer valid, and the reflection turns into scattering of waves. The impulse response between transmit antenna l and receive antenna m is given by:
The first term is the LOS component whereas the first sum includes R1 reflections of first order (only one reflection between transmitter and receiver). The second sum includes R2 reflections of second order. The reflection coefficients β i (θ i ) for typical materials for walls used in buildings have reflection constants in the range of 0.3 to 0.7 [2] and are depending on the angle θ between incoming wave and reflecting wall. Reflections of second order are modelled by two reflection coefficients β k,1 (θ k,1 ) and
The distance between transmit antenna and receive antenna following the actual ray is described by d i , δ(t) is the Dirac impulse and c is the speed of light. In the second sum two reflection coefficients are present. This can be extended analogously for higher order reflections. The simulated impulse response for a rectangular room of dimensions 14 × 25 m at a transmit frequency of 2.4 GHz is depicted in figure 1 . For simplicity the reflection coefficients were assumed to have a constant value of 0.7. The antennas are presumed having uniform directivity. The impulse response is composed from the LOS component, the first, second and third order reflections which are separately depicted in figure 1 . It is obvious, that the contributions from higher order reflections are located at higher delays and therefore have undergone higher attenuation. This is simply the radio propagation causing an attenuation of the amplitude according to the factor λ 4πd where λ is the wavelength and d is the length of the ray propagating from the transmit to the receive antenna. Multiple reflections have much less power, due to the increased distances and the fact, that multiple reflection constants are acting according to the multiplicity of the considered reflection. These basic considerations have been proved by the use of a channel sounder, which is described shortly in the next chapter.
MIMO Channel sounder and measurement results
The channel sounder used for these MIMO measurements is based on subsequent measurements of the impulse responses of the matrix channel. The measurement time for a complete 2 × 2 MIMO channel resulting in 4 subsequent measurements is about 25 µs. This would be even sufficient for a fast varying mobile channel. The channel sounder uses a CAZAC (constant amplitude zero correlation) sequence and a bandwidth of 80 M Hz in the 2.4 GHz frequency band. The measurements were taken Figure 2 shows the impulse responses for each part of the channel matrix. The impulse response h 11 (t) is the measured counterpart for the simulation in the last chapter. The simulation result for that room already shown in figure 1 is additionally given in figure 2 and shows a good matching. In the direct vicinity of the LOS component are some differences between measurement and calculation. The calculation is two dimensional, therefore neglecting the ceiling and floor reflections, which can explain this difference. This result again support the deterministic channel behaviour assumed so far. The impulse responses show clearly the decreasing power of reflections with increasing delay. In order to see the influence of people moving around in this room measurements have been taken repeatedly with a repetition time of 1 second by the channel sounder. The magnitude of the transfer function is given in figure 3 . The solid line shows the mean value. At certain frequency bins the frequency of occurrence is depicted in the third dimension. The situation for each frequency bin, which has a bandwidth of 500 kHz, show small variations around a mean value, which could be described by a Ricean distribution. As outlined in the previous chapter antenna shadowing by people has no big effect on the attenuation of the LOS component. The mean value of the transfer function is determined by characteristics of the environment, which are room dimensions, wall materials, antenna positions, antenna directivity and polarisation. We have to keep in mind, that the fluctuations of the transfer function are slow, due to the slow movement of people in the room. Therefore these fluctuations could be tracked by the receiver -this stresses the deterministic slowly time variant behaviour even more.
MIMO channel model and capacity
The results of the last chapter are used to formulate a MIMO channel model for WLAN indoor scenarios using a deterministic approach. Due to the fact, that the main power is concentrated in just a few paths, the LOS path when present and the paths caused by just one or two reflections are sufficient for channel capacity calcu- Figure 4 . Capacity CDF calculated from measured data lations. The MIMO transmission can not be described by a stochastic channel transfer matrix, with complex Gaussian random entries, which is appropriate for narrow bandwidth mobile radio channels. The impulse response in the WLAN indoor case can be easily transformed into a frequency dependent channel transfer matrix:
Each entry H ml (f ) corresponds to a transmission function from transmit antenna l from a total of L transmit antennas to receive antenna m from a total of M receive antennas. This transmission function is depending on the indoor characteristic as explained above. When only few reflections have to be considered the transmission functions even for a MIMO application can be determined quite easily. It might be also possible to define some typical scenarios, like in the COST207 report which has defined some typical GSM mobile radio channel reference models, for easy system performance comparison issues. The deterministic behaviour of the channel has some consequences on the system design, which will be addressed next. For a deterministic channel described by a frequency dependent channel matrix H(f ) ∈ C M ×L the transmission can be modelled by the following equation:
where x(t) ∈ C L×1 is the vector of transmit signals, y(t) ∈ C M ×1 is the vector of receive signals, h(t) ∈ C M ×L is the matrix of impulse responses which is related to the channel matrix by the inverse Fourier transform. n(t) ∈ C M ×1 is the vector of noise signals in each receive path and ( * ) denotes the convolution operation. The channel capacity C according to [3] can be extended by integration over the desired bandwidth B:
The MIMO system is assumed to use statistical independent Gaussian distributed transmit signals with equal powers of σ 2 x at each transmit antenna. The noise power σ 2 η at each receive antenna element is assumed to be statistically independent and Gaussian distributed. I M ∈ C M ×M depicts the identity matrix. The capacity is strongly depending on the channel transfer matrix. This channel transfer matrix on the other hand is depending on the geometric structure and the materials of the building as well as on antenna locations and antenna directivities. In mobile radio channels with a NLOS (non line of sight) characteristic only correlation between signals of different antenna elements has to be considered. For this scenario an antenna spacing of λ/2 is sufficient [4] . This argument can not be used in WLAN indoor scenarios, here geometrical considerations are necessary to improve capacity as also suggested in papers [5, 6] addressing the LOS component. Considering additional reflections these geometrical optimisations are more difficult. But due to the fact, that the LOS component carries most of the power, an optimisation of antenna locations regarding only the LOS component is at least a good starting point. For a WLAN scenario in a large room (height 3 m, length 15 m, width 7 m) and a small room (height 3 m, length 5.3 m, width 3.5 m) measurements have been carried out. A 2x2 MIMO system was used and the channel capacity was calculated according to equation (4) where the channel transfer matrix was derived from actual measurements by the channel sounder. The antenna arrays were arranged broadside to each other or perpendicular to each other with a fixed distance. Also two different distances between the antenna elements in the receiver array and in the transmitter array were used namely 6λ and λ/2. The distance of 6λ is close to the optimum in the actual scenario for the capacity when only the LOS component is considered as suggested by [5] . For each setup only small changes in the transmitter receiver distance were made in order to optimise the achieved capacity for each setup. After this alignment people were moving around in these rooms and 1000 measurements with 1 second repetition time and 25 µs measurement time were taken for each setup. The cumulative distribution functions (CDF) for these setups are shown in figure 4 . The signal to noise ratio used during the measurements was 10 log 10 ( σ 2 x σ 2 η ) = 85 dB. There was no normalisation, instead we used the actual transmit power and the actual noise at each receiving antenna respectively LNA (low noise amplifier). The path loss for a distance of 3 m is approximately 50 dB. For the small office the best result is obtained by an antenna spacing of 6λ and the broadside arrangement of transmit and receive antenna array. The worst result for the small office results for the perpendicular arrangement of the antenna arrays and an antenna spacing of 6λ. The case of broadside arrays and an antenna spacing of λ/2 results in a considerably good capacity. The results for the large office are more or less the same, but the broadside arrays with an antenna spacing of λ/2 is very close to the worst scenario with perpendicular arrays. This indicates some potential of optimisation when this deterministic channel behaviour is taken into account. Further research is necessary in order to exploit this potential of optimisation also in case of changing antenna array positions relative to each other. More sophisticated methods such as beam steering and beam forming are addressed shortly in [6] .
Conclusion
The indoor or more specifically the WLAN channel in one room can be modelled with a deterministic approach. This behaviour was demonstrated by channel sounder measurements in the 2.4 GHz frequency band. The channel is depending on the direct components between the antenna elements (LOS) and first, second and higher order reflections. For capacity considerations of only first and second order reflections seem to be sufficient. Due to the decreasing power with increasing delay, this is easily understood. First simple optimisations for this deterministic behaviour show potential for improvement over the usual λ/2 antenna spacing within the MIMO antenna arrays.
